Drying of seeds of Agropyron desertorum (Fisch. ex Link) Schult. did not result in breakdown of a-amylase nor impair the ability of seeds to resume its synthesis when moistened again. p-Amylase activity did not change during 5 days of germination at a water potential of 0 atmosphere nor during 40 days of incubation at -40 atmospheres. Seeds synthesized cx-amylase at 0, -20, and -40 atmospheres, but not at -60 atmospheres. At 0 and -20 atmospheres, the log of a-amylase activity was linearly related to hastening of germination. But at -40 atmospheres, seeds synthesized a-amylase during a time when there was little hastening of germination. Thu, it appears that other biochemical reactions are less dronghttolerant than synthesis of a-amylase. It is concluded that inhibition of a-amylase synthesis is not a controlling factor in the germination of these seeds at low water potentials.
The objective of this study was to determine if inhibition of a-amylase synthesis might be a mechanism by which drought retards or prevents the germination of crested wheatgrass seeds. The hypothesis motivating this work is that seeds differing in their ability to germinate at low water potentials also differ in their ability to carry on drought-intolerant metabolic reactions. I selected a-amylase for study because its synthesis in barley half-seeds is intolerant to drought (6) .
Experiments concerned with the effects of chemical inhibitors support the view that a-amylase synthesis and starch breakdown are essential steps in germination. For example, abscisic acid inhibits growth response and a-amylase synthesis in intact barley seeds (9) ; benzyladenine delays the production of amylase and the concomitant breakdown of starch in pea seeds (15) ; salinity decreases germination, early seedling growth, release of reducing sugars, and synthesis of amylase in wheat (12) .
Swain and Dekker (17) have concluded from enzyme studies that a-amylase action is the first step in the hydrolytic breakdown of starch in pea cotyledons. Murata et al. (11) have reported that phosphorylase activity in germinating rice seeds 1 may account for much smaller amounts of starch breakdown, as compared to the amounts hydrolyzed by a-amylase.
Cell enlargement and, consequently, seed germination are dependent on the availability of substrates for metabolism and of solutes for maintaining positive turgor potentials. Chen and Varner (3) have concluded that starch breakdown, synthesis of sucrose, and translocation of sucrose to cells of the embryo are essential processes in the germination of Avena fatua. They suggested that lack of sucrose synthesis, rather than of starch breakdown, is the explanation for dormancy in this species. It seems probable that one or more of these processes may be related to the germination of seeds at low water potentials.
This paper reports (a) the stability of a-amylase during drought, (b) the resumption of a-amylase synthesis after drought, and (c) the effects of constant water potentials on the relationship between synthesis of a-amylase and hastening of germination. Crested wheatgrass, the test species, is adapted for germination and establishment on semiarid lands and is often exposed to severe drought and fluctuating moisture conditions (19) .
MATERIALS AND METHODS Treatment of Seeds. Seeds of Nordan creasted wheatgrass, Agropyron desertorum (Fisch. ex. Link) Shult., were produced at Pullman, Washington. Seeds harvested in 1969 were used in the experiment shown in Figure 8 ; 1968 seeds were used in the other experiments. Seeds were treated with 20 mg of Thiram' (tetramethylthiuram disulfide) per g dry weight to prevent microbiological contamination (18) .
Alternating wet and dry treatments were imposed by placing seeds on moist paper towels and then drying them in open metal trays. Seeds were kept moist for 36 hr in the initial wet treatment and for 16 hr in subsequent wet treatments. Seeds were dried for 32 hr. Seed water content at the end of the dry period was 11.2%. In other experiments, seeds were either germinated on moist paper towels or allowed to absorb water vapor from air at constant water potentials. Desired water potentials were maintained by using different concentrations of KCI (1) . Seeds were placed on plastic screen held between two sheets of chromatography paper (Fig. 1) . The ends of the paper were inserted into a reservoir of KCI solution, and solution moved down the paper by capillary action and gravity.
The water potential of solution flowing down the paper was Temperature while exposing seeds to alternating wet and dry treatments or to constant water potentials was 23 C.
Stage of germination was measured after various periods of exposure to constant water potentials. This was accomplished by placing samples of 100 seeds on moist blotters in Petri dishes and germinating them at 5 C. Germinated seeds (both root and shoot visible) were counted daily, and the number of days required for 50% of final germination was estimated graphically. Air-dry seeds, placed in similar Petri dishes, were used as the control. Days to 50% of final germination for treated seeds subtracted from days to 50% of final germination for control seeds was defined as hastening of germination. The mean (8 samples) and standard deviation of the number of days required for control seeds to reach 50% of final germination was typically 18.3 ± 0.6. This procedure is based on experiments of Keller and Bleak (7) indicating that rate of germination and emergence is influenced by the temperature and duration of seed pretreatment.
Some seed samples were killed by autoclaving at 100 C for 30 min to test for possible synthesis of a-amylase by microorganisms. Dead seeds were intentionally inoculated by enclosing them in a nylon screen bag and shaking them with a large sample of living seeds. Dead seeds were coated with Thiram and exposed to some of the same treatments as living seeds.
Enzyme Assays. The iodine method was used for assaying a-amylase and /B-amylase (4, 13, 14) . Differences in tolerance to heat and EDTA were used for distinguishing the activities of the two enzymes (16, 17) .
Seed samples (200 mg dry weight) were stored in Dry Ice until ready for analysis. They were homogenized by mortar and pestle in 30 ml of chilled 50 mm potassium acetate buffer, pH 5.5. The suspension was centrifuged and the supernatant fluid was used as the enzyme preparation.
CaCI2 solution was added to one portion of the enzyme prep- aration (final concentration 20 mM). Samples were heated in a water bath at 70 C for 4 min, chilled, and assayed for a-amylase activity (16) .
Disodium EDTA solution was added to the remaining unheated enzyme (final concentration 50 mM). The samples were stored at 2 to 4 C for 48 hr before they were assayed for famylase activity (17). 
RESULTS
Evaluation of Enzyme Assay Procedures. The enzyme preparation from dry crested wheatgrass seeds contained only ,Bamylase, as indicated by its formation of a limit dextrin (Fig.  2) . Additional enzyme from dry seeds failed to hydrolyze the limit dextrin. Hydrolysis of the dextrin by the enzyme from seeds held at -40 atm suggested that a-amylase had been synthesized. a-Amylase from seeds held at -40 atm was inactivated by EDTA (Fig. 3) . /3-Amylase from dry seeds was stable in the presence of EDTA. Synthesis of a-amylase during brief wet treatments and stability of cx-amylase during dry treatments. The reaction mixture (2 ml) contained 1 ml of heated enzyme preparation and 10 mg of soluble starch. Each value is the average of three replicate samples.
The reaction mixture for routine a-amylase assays contained 1 ml of enzyme preparation and 1 ml of 1.0% soluble starch in 50 mm potassium acetate buffer, pH 5.5. The reaction was stopped by adding 8 ml of iodine solution (2.5 g of 12 Hastening of germination was measured at 5 C. Points are labeled with the hours or days seeds were incubated at constant water potentials.
Germination of seeds on moist blotters (0 atm) usually began when hastening of germination reached 10 to 12 days. a-Amylase from seeds held at -40 atm was stable at 70 C (Fig. 4) . ,B-Amylase from seeds held at -40 atm and from dry seeds was completely inactivated in 2 min at 70 C.
The pH range for maximal activity was 4.0 to 6.0 for a-amylase and 5.0 to 6.5 for 83-amylase. Therefore a pH of 5.5 was appropriate for assaying both enzymes. At this pH, acetate and phosphate buffers gave similar results.
These characteristics of amylases in crested wheatgrass seeds are typical of amylases from other plant sources (16, 17 Amylase Synthesis and Stability. In a series of alternating wet and dry periods, seeds synthesized a-amylase during each of the eight wet treatments (Fig. 5) . No breakdown of a-amylase was detected when seeds were air-dried. Microorganisms associated with dead seeds did not synthesize a-amylase during this series of wet and dry treatments.
Dry crested wheatgrass seeds contained abundant /3-amylase, but no change in its activity could be detected during 5 days of germination on moist paper towels or during 40 days of incubation at -40 atm (Fig. 6) .
Synthesis of a-amylase in seeds on moist blotters began within 24 hr (Fig. 7) . Its activity increased rapidly during the 2nd to 5th days, at which time measurements were discontinued. Roots and shoots on these seeds were evident by the 3rd day. Seeds at -20 atm began a-amylase synthesis prior to the 4th day and continued synthesis until the 12th day. Fewer than 1 % of these seeds germinated, as indicated by protrusion of roots. Even though seeds at -40 atm did not germinate, they synthesized a-amylase from the 4th to 24th day. The final concentration of a-amylase in seeds at -40 atm was about one-third of that in seeds at -20 atm. Little or no a-amylase was synthesized by seeds at -60 atm.
Microorganisms associated with dead seeds held at -40 atm did not synthesize a-amylase. At 0 and -20 atm, the log of a-amylase activity was linearly related to hastening of germination (Fig. 8) . At -40 atm, seeds synthesized a-amylase during the 4th to 12th day, during a time when there was little accompanying increase in hastening of germination.
DISCUSSION
Injury of germinating seeds during drying, as reflected by delaying of germination and emergence (7), evidently is not due to a-amylase breakdown (Fig. 5) . The lack of a-amylase breakdown during drying of germinating seeds seems to be in contrast to observations of drought-induced breakdown of proteins in leaves (5, 8) .
After periods of severe drought, crested wheatgrass seeds resume synthesis of both ATP (19) and a-amylase (Fig. 5) . The ability to resume metabolic processes after a series of alternating wet and dry periods may be an adaptation of this species to the fluctuating moisture conditions that often exist on semiarid lands.
Seeds synthesized as much a-amylase in 16 hr in the second to eighth moist periods as they did in 36 hr in the first moist period (Fig. 5 ). It appears that part of the proteinsynthesizing mechanism remains intact during dry periods. This view is consistent with observations of ribosome stability during drying of wheat embryos (10) .
A water potential of about -20 atm (0.8 M mannitol) resulted in an 80% inhibition of GA-induced synthesis of a-amylase in barley half-seeds (6) . A water potential of -20 atm resulted in a similar inhibition of a-amylase in crested wheatgrass seeds, according to values for the 4-day incubation period (Fig. 7) . The two experiments, although dealing with different species and methods of imposing moisture stress, indicate that a-amylase synthesis in seeds is a relatively droughtintolerant process. ATP synthesis, on the other hand, appears to be a relatively drought-tolerant process (18) .
This observed difference between the drought tolerance of ATP and a-amylase synthesis lends support to the hypothesis that seeds differing in their ability to germinate at low water potentials also differ in their ability to carry on drought-intolerant metabolic reactions. According to this hypothesis, the controlling factors in the germination of seeds are those which are essential for germination and which are most intolerant to drought. Thus, it would seem unlikely that ATP synthesis is a process that limits germination of crested wheatgrass seeds at low water potentials (18) .
The observation that hastening of germination was always accompanied by synthesis of a-amylase, over a wide range of environmental conditions (Wilson, A. M., unpublished), supports the view that ca-amylase is required for germination. However, this does not mean that synthesis of a-amylase will always result in promotion of germination. This may be illustrated by two examples. Kinetin and GA reversed abscisic acid-induced inhibition of a-amylase synthesis but not abscisic acid-induced inhibition of growth (9) . GA counteracted the effects of salt on amylase activity and on release of reducing sugars but not on early growth of wheat seedlings (12) .
Likewise, crested wheatgrass seeds synthesized a-amylase at a water potential of -40 atm when there was little accompanying hastening of germination (Fig. 8) . This suggests that other physiological and biochemical processes are less droughttolerant than synthesis of a-amylase. Therefore, I conclude that inhibition of a-amylase synthesis is not a mechanism by which drought prevents the germination of crested wheatgrass seeds.
Future work might logically deal with the relationship between hastening of germination and metabolic processes that are less drought-tolerant than synthesis of a-amylase.
